We report the in situ investigation of grain growth and grain boundary migration, performed with a variable-temperature scanning tunneling microscope (STM) on a polycrystalline gold film. Atomic step resolution allowed us to identify the individual grains and, thus, also the grain boundaries. Our special, thermal-drift-compensated STM design made it possible to follow the same sample area over large temperature intervals. In this way, we have directly observed grain boundary migration and grain growth. In a first quantitative analysis we correlate the observed, unexpected changes in surface roughness with the evolution of the grain and grain boundary configuration.
Metals and most other solid materials appear most commonly in polycrystalline form, which means that they consist of many small, single-crystalline grains. Since many properties, e.g., mechanical, electronic, magnetic, optical, or chemical, are influenced and often even dominated by the specific grain structure, this grainy structure is manipulated in process technology, e.g., by heat and stress treatments. In thin film technology, next to the grain structure, the surface roughness forms an important structural parameter. As will be shown, grain structure and surface roughness are related to one another via the condition that the surface is in equilibrium at all triple lines [1] , where grain boundaries (GBs) intersect the surface. In turn, surface roughness is known to influence the migration of grain boundaries [2] . Since the decay rate of surface roughness depends on the surfaceatom mobility, the specific surface transport kinetics could also affect the grain growth kinetics.
In situ bulk observation of the evolution (grain growth) of polycrystalline metals, especially during heat treatment, proves to be difficult [3, 4] . Recent developments in x-ray tomography have enabled the determination of accurate 3D images of polycrystalline Al [5] ; however, the GBs had to be decorated with Sn. The first progress in the observation of single-material dislocations has been reported very recently by Larson et al. [6] . In some special cases the migration study of a single, artificially created GB is possible [7] [8] [9] by using diffraction contrast in scanning electron microscopy. It is possible to study grain growth during heat treatment in very thin films by using transmission electron microscopy (TEM) [10] . However, when the film thickness is in the order of the individual grain size, grain growth [11] and other evolution effects depend on surface morphology, as suggested by Dannenberg et al. [12] . In these cases the TEM observation is incomplete, because of the lack of surface information [12] . Reviews of experimental and theoretical grain growth work can be found in [13, 14, 15] .
Here we describe the direct observation of GB motion and grain growth with an ultrahigh vacuum (UHV) STM.
Atomic step resolution on all grains allows us to correlate changes in the surface roughness with changes in the film structure. We have investigated the structure of polycrystalline gold films and followed their evolution during in situ heat treatments on a sufficiently small scale to distinguish the mechanisms at work. We observe a strong initial decrease in film roughness, followed by a slow increase at later stages. This roughness evolution is accompanied by changes in both the grain orientations and the average grain size. We find that precisely these changes are responsible for the roughness evolution.
The gold films were prepared in situ, in order to avoid contamination. As a substrate we used polished quartz, SiO 2 0001, which we measured to be atomically flat over hundreds of nm [16] . The 30 nm thick films were deposited at pressures lower than 10 ÿ9 mbar from a welloutgassed Knudsen cell with 99.999% pure gold at a low rate of 1 nm=h, with the substrate remaining at room temperature. Immediately after deposition, the samples were transferred to the STM without breaking UHV. Our home-built, thermal-drift-compensated STM [17] allowed us to vary the sample temperature over more than 250 K while observing the same sample area. All STM images were acquired at a sample voltage of ÿ0:7 V and at tunneling currents below 0.1 nA. Figure 1 shows a 33 nm thick film, directly after deposition at room temperature: each protrusion is an individual grain with a different orientation, as can be verified from the heights and shapes of the atomic steps visible on the grains. X-ray diffraction measurements perpendicular to the substrate (=2 scans) on similarly prepared samples show a [111] texture ( 84%) with 16% [100] grains and no [110] grains (weighted with respect to gold powder diffraction intensities). The range of grain misorientation is reflected in the rocking curve width of the [111] peak: 2:8 . Using such samples as the starting configuration, we recorded STM movies of the film evolution during a heat treatment. While we increased the temperature over a period of 24 h from 293 to 748 K, we continually monitored the film with the P H Y S I C A L R E V I E W L E T T E R S week ending 11 JULY 2003 VOLUME 91, NUMBER 2
The American Physical Society 026101-1 STM. In our STM movies [18] we followed individual surface regions during temperature changes up to 75 K. Figure 1 (b) illustrates the final result of the annealing experiment (notice the larger length scale). The average grain size has increased by an order of magnitude, the film roughness has decreased, and more grains are oriented with their [111] axis perpendicular to the substrate (texture): almost exclusively (111) terraces are visible. X-ray measurements also reveal an enhancement in [111] texture, since the peak area has increased by a factor of 6.4. In addition, we see the complete disappearance of the [100] signal. Texturing can occur during deposition as well as post-deposition annealing [19] . Driving forces for the reconfiguration of the grain structure stem from the texture dependent intrinsic stress [20] and from the free energies of both the film-surface and the film-substrate interface [14] . Our movies [18] show two different evolution mechanisms. Usually, grains grow continuously at the expense of their neighbors (normal grain growth). In a small number of cases, at temperatures below 468 K, we have seen a GB sweeping through the film; Fig. 2 illustrates such an observation in four images from the second movie of [18] , taken at 413 K. The position of the GB, which can be easily identified by comparing consecutive images in the movie, is indicated with a thin, dotted line. It sweeps through the imaged area within 15 min ( 2 A=s). While the small grains in front of the GB show a wide variety in orientations, as can be judged from the differences in slopes (gray levels) and symmetries (rectangular, hexagonal, etc.), the region left behind by the passing GB is much flatter and contains only four grains, each with a prominent [111] texture. Sweeping reorientation fronts are well known in metallurgy [13] , e.g., in materials with abnormal grain growth or in crystals that are highly deformed via cold rolling. However, we relate our observation to orientation pinning, where GBs evolve into low-angle configurations with low mobility. The high-angle grain boundaries have a much higher mobility and sweep through the film until also they are trapped into a low-energy configuration. This is what we observe with the GB of Fig. 2 , which gets stuck at the position of Fig. 2(d) for the remaining 120 min of the movie.
It is possible, in principle, to identify the bulk crystallographic orientations of all grains by using a combination of the observed step-height and step-orientation information on individual grains together with the grain shapes. Here we have restricted our analysis to the evolution of the average grain size and the roughness of the film. The average grain size can be determined relatively easily from the number of grains counted by eye in the STM images. The reliable determination of the film roughness requires a more sophisticated approach. We define the roughness of the film R as the asymptotic value of the root mean square (rms) height variation of the film, for long distances with respect to the average grain size. From each STM image, the rms height variation was measured as a function of the length scale L (size of sampling area). As an illustration, in Fig. 3(a) , R 0:93 nm is reached for L 280 nm, which is slightly more than 2 times the average grain size of 115 nm measured at this stage of the film evolution. shows the film roughness R as a function of the average grain size, e.g., as a function of the stage of film evolution. The upper horizontal axis denotes the corresponding temperatures. To our surprise, the roughness initially drops by a factor of 3, remains constant over a few hundred K, and increases again at the highest temperatures; such behavior has been noticed before in ex situ experiments by Porath et al. [21] , who suggested that it could be due to a competition between GB mobility and surface diffusion. As we argue in the following, our observations show that GB motion is already quite active at low temperatures, and surface diffusion has no problem making the surface morphology adapt to the moving GBs at high temperatures. In fact, the activation energy for GB motion in gold can be as low as 0.14 eV [22] , while that for mass transport on gold surfaces is on average 0.9 eV [23] . Our in situ film observations reveal that over the entire temperature interval, from room temperature up to 748 K, GB motion and surface morphology changes always occurred simultaneously. Figure 4 shows typical scan lines at three stages of the film evolution. Each grain shows a dome-shaped top without any positively curved part. Careful inspection of the atomic steps shows that each dome corresponds to one single grain. As we will explain now, each configuration of Fig. 4 represents the equilibrium surface profile at that stage of the film's evolution.
Equilibrium between the three interfaces that meet at the triple line, where a GB intersects the surface, requires a set of angles, GB , S1 , and S2 , of which the values are fixed by the three corresponding interfacial free energies, f GB , f S1 , and f S2 [Fig. 5(a) ]. This should result in a typical shape with a groove and a ridge on either side [1] . Because of surface diffusion, this entire shape should grow in size. In this way, surface diffusion can increase the roughness. Note that high GB energies imply small angles GB and, therefore, steep slopes at the groove. Figure 5 (b) sketches how we expect this GB grooving process to proceed on a polycrystalline film, in the absence of GB motion. Through surface diffusion, a local equilibrium situation is reached when the GBs are con-nected with one another by convex surfaces, each with constant curvature [24] . We have never observed configurations such as those in the first two panels of Fig. 5(b) at any stage of the evolution of the films. As in Fig. 4 , all profiles look very similar to the third panel of Fig. 5(b) . From this observation we conclude that over the entire range of conditions (temperatures) surface diffusion has been sufficiently fast to keep the surface shape in or close to equilibrium with the evolving GB configuration. Further evidence for this conclusion comes from STM movies [18] , which show that each change in roughness takes place almost completely during a change in GB configuration. Only very modest shape relaxations are seen after that (see also Fig. 2 ), e.g., when the film is kept at constant temperature for some time. This implicitly demonstrates that even the special diffusion barriers at steps [25] [26] [27] [28] , which might cause an additional contribution to the roughness in the early stages of the film evolution, do not prevent the surface to ''adiabatically'' follow the evolving GB configuration.
We now use the above arguments to explain the observed roughness evolution of Fig. 3(b) . In the freshly deposited film the relative grain orientations are often quite unfavorable, so that the average GB energy is high. This makes the average GB angle GB small, which, in turn, results in tall structures that make the film rough [ Fig. 5(c) ]. If the film is heated up, the GBs become mobile and quickly reorient themselves in lower-energy configurations (cusps in the energy versus orientation diagram of the GBs). In this way the average GB energy is lowered and the average GB increases, which explains the initial drop in roughness [ Fig. 5(c) ], as observed in Fig. 3(b) up to an average grain size of 100 nm. Next to this reorientation, the GBs also migrate. This GB migration leads to a gradual coarsening of the GB network. This in itself has no affect on the average GB and on the average grain shape, since the average GB energy remains the same. But as the grain diameter increases, so does the height variation on each grain [ Fig. 5(d) ]. In the later stages of the film evolution, this leads to a gradual increase in film roughness, proportional to the average grain diameter, as expected for a self-similar scaling behavior, and observed for average grain sizes above 175 nm [ Fig. 3(b) ]. In the intermediate size regime, from 100 to 175 nm, the competing effects of the two processes, namely, GB reconfiguration and grain growth, cancel, and there is no net variation in film roughness. The maximum average grain size, obtained after prolonged annealing at the highest temperature of 748 K, amounted to 300 nm, which is an order of magnitude larger than the film thickness. This is probably the maximum average grain size that can be reached for such a thin film, in accordance with theoretical predictions that are based on film-surface and film-substrate interface energies, in combination with the condition of mass conservation [similar to Fig. 5(d) ] [29, 30] .
In summary, we have used STM to observe the irreversible evolution of a thin, polycrystalline metal film over a wide temperature range. Atomic step resolution enabled us to visualize grain boundaries and their motion. During the film evolution, the roughness was found to first decrease and later increase again. The decrease is caused by the initial rearrangement of the GBs, while the later increase is a natural consequence of the gradual coarsen-ing of the grain boundary network. We expect similar evolution behavior for other metal films.
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